Photosystem II (PSII) contains different extrinsic proteins required for oxygen evolution among different organisms. Cyanobacterial PSII contains the 33 kDa, 12 kDa proteins and cytochrome (cyt) c-550; red algal PSII contains a 20 kDa protein in addition to the three homologous cyanobacterial proteins; whereas higher plant PSII contains the 33 kDa, 23 kDa and 17 kDa proteins. In order to understand the binding and functional properties of these proteins, we performed cross-reconstitution experiments with combinations of PSII and extrinsic proteins from three different sources: higher plant (spinach), red alga (Cyanidium caldarium) and cyanobacterium (Synechococcus vulcanus). Among all of the extrinsic proteins, the 33 kDa protein is common to all of the organisms and is totally exchangeable in binding to PSII from any of the three organisms. Oxygen evolution of higher plant and red algal PSII was restored to a more or less similar level by binding of any one of the three 33 kDa proteins, whereas oxygen evolution of cyanobacterial PSII was restored to a larger extent with its own 33 kDa protein than with the 33 kDa protein from other sources. In addition to the 33 kDa protein, the red algal 20 kDa, 12 kDa proteins and cyt c-550 were able to bind to cyanobacterial and higher plant PSII, leading to a partial restoration of oxygen evolution in both organisms. The cyanobacterial 12 kDa protein and cyt c-550 partially bound to the red algal PSII, but this binding did not restore oxygen evolution. The higher plant 23 kDa and 17 kDa proteins bound to the cyanobacterial and red algal PSII only through non-specific interactions. Thus, only the red algal extrinsic proteins are partially functional in both the cyanobacterial and higher plant PSII, which implies a possible intermediate position of the red algal PSII during its evolution from cyanobacteria to higher plants.
Introduction
Light-induced water oxidation and oxygen evolution is one of the most important biological reactions on the earth. The water-oxidizing reaction is catalyzed by the photosystem II (PSII) complex present in thylakoid membranes of all oxygenic photosynthetic organisms. As part of the PSII complex, several peripheral proteins are attached to the lumenal surface of the PSII membrane and play important roles in maintaining the stability and activity of the water-oxidizing reactions (for review, see Seidler 1996) . These peripheral proteins were first found in PSII-enriched membranes of higher plants, and were termed 33 kDa, 23 kDa and 17 kDa proteins following their apparent molecular weights (Seidler 1996) . Of these three extrinsic proteins, only the 33 kDa protein is present in cyanobacterial PSII whereas the other two proteins are absent. Instead, two different proteins, cytochrome (cyt) c-550 and a 12 kDa protein, were found in cyanobacterial PSII which play somewhat similar roles in oxygen evolution as those of the 23 kDa, 17 kDa proteins in higher plant PSII (Shen and Inoue 1993 , Shen et al. 1997 . Thus, the oxygen-evolving complex apparently changed these two extrinsic proteins during its evolution from the prokaryotic cyanobacteria to the eukaryotic higher plants while keeping the majority of PSII intrinsic membrane proteins unchanged. At present, it is not clear when and why this change occurred during the evolution of PSII. It is also not known to what extent the extrinsic proteins from different organisms can substitute for each other in their binding to and functioning in PSII.
In an attempt to address these questions, we purified an oxygen-evolving PSII complex from a red alga, Cyanidium caldarium, and demonstrated that the red algal PSII contained three extrinsic proteins of cyanobacteria-type, i.e. the 33 kDa, 12 kDa proteins and cyt c-550 (Enami et al. 1995) . In addition to these three proteins, the red algal PSII contained a fourth extrinsic protein, a 20 kDa protein, which is present neither in cyanobacterial PSII nor in higher plant PSII (Enami et al. 1995) . Fig. 1 provides a schematic presentation of different PSIIs from cyanobacteria, red algae and higher plants, showing either direct or indirect association of various extrinsic proteins at the lumenal side of each PSII.
The binding properties and functions of various extrinsic proteins have been studied by release-reconstitution experi-ments in various PSIIs (Seidler 1996) . So far, most of the reconstitution experiments have been conducted with the combinations of extrinsic proteins and PSII from the same organism. Among various organisms studied, the 33 kDa protein can bind to its original PSII and partially support oxygen evolution independent of the other proteins Murata 1984, Ono and Inoue 1984) . This protein was also shown to be exchangeable in binding to PSII and supporting oxygen evolution between higher plants and cyanobacteria (Koike and Inoue 1985) . The higher plant 23 kDa protein binds to its PSII functionally in the presence of the 33 kDa protein Murata 1983, Andersson et al. 1984) , whereas the 17 kDa protein binds to its original PSII only in the presence of both 23 kDa and 33 kDa proteins Murata 1983, Miyao and Murata 1989) . In cyanobacteria, cyt c-550 can bind to PSII essentially independent of the presence of other proteins, whereas binding of the 12 kDa protein requires the presence of both the 33 kDa protein and cyt c-550 (Shen and Inoue 1993) . In the red algal PSII, the 20 kDa protein can bind to PSII to a significant amount by itself, whereas the effective binding of cyt c-550 and the 12 kDa protein requires presence of both 33 kDa and 20 kDa proteins (Enami et al. 1998) . Our previous results showed that the functions of cyt c-550 and the 12 kDa protein are manifested clearly by the requirement for Ca 2+ and Cl -of oxygen evolution upon removal of these two proteins from the red algal PSII (Enami et al. 1998) , which resembles closely to the function of the 23 kDa and 17 kDa proteins in higher plant PSII rather than those of the corresponding proteins in cyanobacterial PSII Inoue 1993, Miyao and Murata 1989) . The 20 kDa protein, on the other hand, functions mainly in maintaining the proper binding of cyt c-550 and the 12 kDa protein to the red algal PSII, and does not seem to function directly in oxygen evolution (Enami et al. 1998) .
In order to compare the binding and functional properties of the extrinsic proteins in different organisms, we performed cross-reconstitution experiments with combinations of the extrinsic proteins and PSIIs from three different organisms, spinach (higher plant), C. caldarium (red alga) and a thermophilic cyanobacterium, Synechococcus vulcanus. The results showed that among all of the extrinsic proteins, only the 33 kDa protein is common to all the organisms and could bind to and function in any one of the PSIIs other than its original one. In addition to the 33 kDa protein, only the red algal extrinsic proteins could bind to PSIIs from other sources, e.g. higher plants and cyanobacteria, and were partially functional in supporting oxygen evolution of PSIIs from these two other organisms. This implies that the functional binding sites for the red algal extrinsic proteins are retained in both higher plant and cyanobacterial PSII, thus suggesting a possible evolutionary linkage of the extrinsic proteins during evolution of PSII from cyanobacteria to higher plants.
Materials and Methods

Preparations
PSII membranes of spinach were prepared as described previously (Berthold et al. 1981 , Enami et al. 1991 , and suspended in 40 mM 2-(N-morpholino)ethanesulfonic acid (MES) (pH 6.5), 0.4 M sucrose, 10 mM NaCl, 5 mM MgCl 2 . The PSII membranes were treated with Fig. 1 Model of PSIIs from cyanobacteria, red algae and higher plants, showing the direct and indirect associations of various extrinsic proteins at the lumenal side. In all the three types of PSIIs, the 33 kDa protein is associated directly with PSII. In cyanobacterial PSII, cyt c-550 associates with PSII partially directly and partially through its interaction with the 33 kDa protein, whereas the 12 kDa protein associates with PSII only through its interaction with the 33 kDa protein and cyt c-550 (Shen and Inoue 1993) . In red algal PSII, the 20 kDa protein associates with PSII partially directly and partially through its interaction with the 33 kDa protein, whereas the 12 kDa protein and cyt c-550 associate with PSII through their interactions with the 33 kDa and 20 kDa proteins (Enami et al. 1998) . In higher plant PSII, the 23 kDa protein associates with PSII through its interaction with the 33 kDa protein, whereas the 17 kDa protein associates with PSII through its interaction with both the 33 kDa and 23 kDa proteins (Miyao and Murata 1989) . 1 M CaCl 2 at 2 mg chlorophyll (chl) ml -1 for 30 min on ice to release the three extrinsic proteins, and the obtained extract was incubated for 3 h in the presence of 1 M CaCl 2 in order to inactivate the proteases co-extracted (Kuwabara et al. 1986 ). After dialysis against 5 mM MES (pH 6.5), the buffer of the extracts was changed to 10 mM potassium phosphate (pH 6.5) with a Sephadex G-25 column. The obtained samples were loaded onto a DEAE-Sepharose CL-6B column which had been equilibrated with 10 mM potassium phosphate (pH 6.5). The 17 kDa protein was eluted immediately by washing the column with 20 mM phosphate buffer (pH 6.5). The 23 kDa protein was eluted with 40 mM NaCl, and the 33 kDa protein was eluted with 150 mM NaCl in the same phosphate buffer. The resulting 33 kDa, 17 kDa proteins were dialyzed against 20 mM phosphate buffer (pH 6.5). The 33 kDa protein was concentrated with a short DEAE-Sepharose CL-6B column (1´1 cm), and the 17 kDa protein was concentrated by loading onto a short CM-TOYOPEARL 650M column (1´1 cm) and eluting with a small volume of 500 mM NaCl/20 mM potassium phosphate (pH 6.5). The 23 kDa protein was dialyzed against 50 mM Tris (pH 9.0), concentrated by loading on to the short DEAE-Sepharose column equilibrated with 50 mM Tris (pH 9.0) and eluting with a small volume of 500 mM NaCl/50 mM Tris (pH 9.0). The resulting three proteins were finally dialyzed against 40 mM MES (pH 6.5) and stored at -80°C.
To release the 23 kDa and 17 kDa proteins, the spinach PSII membranes were treated with 1 M NaCl for 30 min on ice in the dark, and then washed twice with 40 mM MES (pH 6.5), 0.4 M sucrose, 10 mM NaCl, 5 mM MgCl 2 .
Oxygen-evolving PSII from the red alga, C. caldarium, was prepared according to Enami et al. (1995) , and suspended in 40 mM MES (pH 6.5), 10 mM CaCl 2 , 25% glycerol. The four extrinsic proteins were released with 1 M CaCl 2 -wash and purified as described previously (Enami et al. 1998) , and finally dialyzed extensively against 40 mM MES (pH 6.5) and concentrated.
Oxygen-evolving PSII of cyanobacteria was prepared from a thermophilic cyanobacterium S. vulcanus as described previously Inoue 1993, Shen et al. 1992) , and suspended in 40 mM MES (pH 6.5), 20 mM NaCl. The purified PSII was treated with 1 M CaCl 2 at 1 mg chl ml -1 for 30 min on ice to release the three extrinsic proteins, and the released extrinsic proteins were separated and purified by a Mono Q column as described previously (Shen and Inoue 1993) . The purified extrinsic proteins were finally dialyzed extensively against 40 mM MES (pH 6.5) and concentrated.
The ratio of extrinsic proteins and PSII for reconstitution was determined as following. Each of the extrinsic proteins was loaded onto an SDS-PAGE with various amounts (1-, 2-, 3-, 4-, and 5-fold of a predetermined volume). A known amount of the corresponding native PSII retaining its extrinsic proteins was also running with the same gel, and the gel was stained with coomassie brilliant blue R-250. Relative amounts of each of the extrinsic proteins were determined by scanning the gel with a densitometer, and then calculating the peak area corresponding to each band as described previously (Enami et al. 1998) . A 1 : 1 ratio of the extrinsic protein-to-PSII was determined when the peak area of the purified extrinsic protein was equal to that of the corresponding protein in the native PSII. In the following reconstitution experiments, a ratio of 3 : 1 for each extrinsic protein-to-PSII was used, unless otherwise indicated. This ratio ensures the presence of sufficient amount of each of the extrinsic proteins during reconstitution.
Cross-reconstitution
For reconstitution, the spinach PSII was treated with either 1 M NaCl or 2.6 M urea/0.2 M NaCl to remove the extrinsic proteins, and then suspended in 40 mM MES (pH 6.5), 0.4 M sucrose (buffer A).
The red algal and cyanobacterial PSIIs were treated with 1 M CaCl 2 to remove the extrinsic proteins, and suspended in 40 mM MES (pH 6.5), 25% glycerol (buffer B).
Reconstitution of the spinach PSII membranes with various extrinsic proteins either alone or in combinations, was performed in buffer A for 30 min on ice in the dark, at 0.5 mg chl ml -1 and a ratio of each extrinsic protein-to-PSII of 3 : 1 as described above. After reconstitution, the mixtures were centrifuged at 35,000´g for 15 min, and the resulting precipitates were resuspended in buffer A, washed once with buffer A, and finally resuspended in the same buffer. Reconstitution of the red algal and cyanobacterial PSII with various extrinsic proteins was performed in buffer B for 30 min on ice in the dark at 0.1 mg chl ml -1 . Unless indicated otherwise, the extrinsic protein-to-PSII ratio was 3 : 1 during reconstitution. Following reconstitution, an aliquot of concentrated PEG 6000 was added to the reconstitution mixtures to a final concentration of 10%, and then the mixtures were centrifuged at 410,000´g for 30 min. The resulting precipitates were suspended in buffer B, and used for oxygen evolution measurement and electrophoretic analysis.
Oxygen evolution was measured with a Clark-type electrode at 25°C with 0.4 mM phenyl-p-benzoquinone as electron acceptor. For spinach PSII, the measurements were carried out in buffer A, whereas for the red algal and cyanobacterial PSIIs, the measurements were carried out in buffer B. Where indicated, 10 mM NaCl or 5 mM CaCl 2 was added to the reaction mixture. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed with a gradient gel containing 16-22% acrylamide and 7.5 M urea according to Ikeuchi and Inoue (1988) . The samples were solubilized with 5% lithium lauryl sulfate and 75 mM dithiothreitol for 30 min prior to electrophoresis. Chl concentrations were determined with the method of Porra et al. (1989) .
For convenience, we name PSIIs from spinach, red alga (C. caldarium) and cyanobacterium (S. vulcanus) as HPSII, RPSII and CPSII; the three extrinsic proteins of spinach as H33, H23 and H17; the four proteins of red alga as R33, R20, Rc-550, R12, and those of cyanobacterium as C33, Cc-550, C12, respectively. PSIIs retaining or reconstituted with their own 33 kDa protein were named H33-HPSII, R33-RPSII and C33-CPSII, respectively.
Results
Reconstitution of various extrinsic proteins with higher plant PSII
Reconstitution was first carried out for HPSII which was depleted of the H23 and H17 proteins by 1 M NaCl-wash (H33-HPSII), with various extrinsic proteins except the 33 kDa protein, from different sources. The resulted PSII membranes were analyzed by SDS-PAGE which was shown in Fig. 2A . In agreement with the results reported by Miyao and Murata (1983) , Miyao and Murata (1989) , the H23 protein bound to HPSII in the presence of H33 but independent of the absence or presence of H17 (Fig. 2A, lane 3) , and H17 bound to HPSII effectively in the presence of H33 and H23 (Fig. 2A, lane 4) . Interestingly, the red algal proteins R20, Rc-550, R12 also bound to H33-HPSII significantly ( Fig. 2A, lane 5) . R20 migrated faster than H17 in the gel system employed here, suggesting that the molecular size of R20 is smaller than that of H17. However, since the name of R20 has been determined previously with the same gel system, we did not change this name here for the sake of consistency (Enami et al. 1995 , Enami et al. 1998 . In contrast to the red algal proteins, the Cc-550, C12 proteins did not bind to H33-HPSII at all (Fig. 2A, lane 6) .
In order to examine whether the failure of binding of Cc-550 and C12 to HPSII is due to the absence of C33, we performed reconstitution experiments for HPSII depleted of its own 33 kDa protein, with various sets of proteins including the 33 kDa protein of different sources. The H33 protein was removed from HPSII with 2.6 M urea/0.2 M NaCl treatment. While this treatment removed most of the 33 kDa protein from HPSII, a very small amount of the protein was not extracted and still remained in the HPSII. This small amount of the 33 kDa protein, however, was proven to be not enough to support oxygen evolution (see data in Table 1 ). The 33 kDa protein from various sources was reconstituted to HPSII, and it was shown that the 33 kDa protein of C. caldarium (R33) and S. vulcanus (C33) could bind to HPSII to an amount comparable to the amount of the spinach 33 kDa protein (H33) in the absence of any other extrinsic proteins (Fig. 2B, lanes 5, 7 and 3) . Reconstitution of the red algal proteins Rc-550 and R12 in combination with R33 also resulted in an effective binding of these proteins to HPSII (Fig. 2B, lane 6) . Reconstitution of R20 in combination with R33, however, resulted in almost no binding of the protein to HPSII (Fig. 2B , lane 6); this contrasts with reconstitution of R20 in the presence of H33 (Fig. 2A, lane 5) where a significant binding of R20 to HPSII was found. Reconstitution of the cyanobacterial proteins Cc-550 and C12 in combination with C33 also did not evoke their binding to HP-SII (Fig. 2B, lane 8) . Table 1 shows the recovery of oxygen evolution of the spinach PSII upon reconstitution with various extrinsic proteins of different sources. Reconstitution with the 33 kDa protein alone, either from higher plant, red alga or cyanobacterium, resulted in no restoration of oxygen evolution in the absence of both Cl -and Ca 2+ ions. This is true also for the NaCl-washed HPSII which retained its H33. When the oxygen evolution was measured in the presence of Cl -, it showed a partial recovery upon reconstitution with the 33 kDa protein; this recovery further increased when the activity was measured in the presence of both Cl -and Ca
2+
. The recovery of the activity was similar upon reconstitution with either the H33 or R33 protein but slightly lower when reconstituted with C33.
Reconstitution of HPSII with the H23, H17 proteins in the presence of H33 resulted in an appreciable restoration of oxygen evolution both in the absence of Cl -and Ca 2+ ions, and this restoration increased further in the presence of Cl -and/or Ca 2+ . Reconstitution with the R20, Rc-550, R12 proteins in combination with R33 or H33 also yielded a partial restoration of the activity. This clearly indicates that the binding of R20, Rc-550, R12 to HPSII is a consequence of functional association and not due to non-specific interactions. Reconstitution of the Cc-550, C12 proteins did not give rise to any further restoration of the activity in the presence of either C33 or H33, which is consistent with the above results that Cc-550 and C12 cannot bind to HPSII in the presence of C33 or H33.
Reconstitution of various extrinsic proteins with red algal PSII
The RPSII was treated with 1 M CaCl 2 to release the four extrinsic proteins, and then reconstituted with various combinations of the extrinsic proteins from different sources. First, reconstitution performed with the 33 kDa protein alone showed that H33 and C33 could bind to RPSII significantly (Fig. 3,  lanes 5, 8) . The band intensities of H33 and C33 bound to RP-SII seemed to be slightly lower than that of the R33 band rebound (Fig. 3, lane 3) . However, a detailed examination of the band intensities of these proteins in their native PSIIs (lanes 1 in Fig. 2A, 3, 5) showed that the staining efficiency of R33 is higher than those of H33 and C33. In addition, the R33 band was broader than the bands of H33 and C33 in the gel; this resulted in an overlapping of the R33 band with the D2 band. Thus, we conclude that the amounts of H33 and C33 bound to RPSII are essentially comparable to that of the R33 rebound. In addition to the 33 kDa protein, the red algal proteins R20, Rc-550 and R12 bound to RPSII efficiently when reconstituted in combination with R33 (Fig. 3, lane 4) , in consistent with the results previously reported (Enami et al. 1998 ). The higher plant protein H23 bound to RPSII to a much higher level upon reconstitution in combination with either H33 or R33 (Fig. 3, lanes 6, 7) . H17 also bound to RPSII in the presence of H33, H23 or R33, H23, but the level of this binding is lower than that of H23 (Fig. 3, lanes 6, 7) . On the other hand, the cyanobacterial proteins Cc-550 and C12 partially bound to RPSII when reconstituted with R33 (Fig. 3, lane 10) ; this binding was enhanced slightly when reconstituted in combination with C33 . In all these cases, the R33-to-PSII ratio was kept at 3 : 1. (B) Reconstitution of H23 and H17 with the cyanobacterial PSII at different proteinsto-PSII ratios. Lane 1, CPSII washed with 1 M CaCl 2 and then reconstituted with C33 alone; lanes 2-4, CaCl 2 -washed PSII reconstituted with C33 plus H23, H17 at the H23, H17 proteins-to-PSII ratios of 1 : 1 (lane 2), 3 : 1 (lane 3), 6 : 1 (lane 4). In all these cases, the C33-to-PSII ratio was kept at 3 : 1. Each of the extrinsic proteins was labeled in the figure.
( Fig. 3, lane 9) . Table 2 shows restoration of oxygen evolution of RPSII upon reconstitution with various extrinsic proteins. Here again, reconstitution with the 33 kDa protein alone did not give any restoration of the activity when measured in the absence of both Cl -and Ca 2+ . Reconstitution with H33 or R33 resulted in a partial restoration of the activity to a similar level when the activity was measured in the presence of Cl -; this restoration increased further in the presence of CaCl 2 . Reconstitution with C33 also resulted in a partial restoration of the activity in the presence of Cl -or CaCl 2 , although the restoration level was slightly lower than that achieved by reconstitution with H33 or R33.
Reconstitution of RPSII with R33 plus R20, Rc-550, R12 resulted in a significant restoration of oxygen evolution even in the absence of Cl -and Ca 2+ ions, consistent with the results reported previously (Enami et al. 1998) . Reconstitution with H23 and H17 in combination with either R33 or H33 resulted in no restoration of oxygen evolution; this contrasts with what would be expected from the above results that these two proteins bound to RPSII strongly. Reconstitution with Cc-550 and C12 in the presence of R33 or C33 also resulted in no restoration of the activity, in spite of the fact that these two proteins could partially bind to RPSII when reconstituted in combination with either R33 or C33.
The failure of activity restoration upon binding of H23, H17, or Cc-550, C12, to RPSII, raised the possibility that the binding of these proteins may be a result of non-specific interactions, instead of functional association, with RPSII. This is especially worth considering for H23 and H17, since the level of binding of H23 to RPSII is considerably high (Fig. 3, lanes  6, 7) and the reconstitution was performed with an extrinsic proteins-to-PSII ratio of 3 : 1. In order to examine this possibility, we performed reconstitution experiments with different ratios of the extrinsic proteins and PSII reaction centers. The data obtained showed that, when reconstituted in a ratio of 1 : 1, H23 bound to RPSII to a lower level and H17 virtually did not bind to RPSII (Fig. 4A, lane 2) . The binding level of both H23 and H17 increased significantly when the proteins-to-PSII ratio was increased to 3 : 1 (Fig. 4A, lane 3) . Reconstitution at a ratio of 6 : 1 further increased the binding of H23 and H17 (Fig. 4A, lane 4) , leading to a level apparently higher than that which would be expected for a specific, 1 : 1 binding (for the original level of H23 and H17 in HPSII, see Fig. 2 ). Furthermore, we observed that H23 and H17 could bind to RPSII even in the absence of 33 kDa protein (data not shown). These features of binding suggest non-specific interactions, instead of functional associations, of H23 and H17 with RPSII. This accounts for the fact that no activity restoration was observed upon binding of H23 and H17 to RPSII. Similar experiments were performed for Cc-550 and C12 but we observed no increase in binding of these two proteins to RPSII upon increase of the proteins-to-PSII ratio during reconstitution (data not shown). Fig. 5 shows reconstitution of various extrinsic proteins with the cyanobacterial PSII depleted of all its three extrinsic proteins by CaCl 2 -wash. The CaCl 2 -wash could not extract the 33 kDa protein completely from CPSII, leading to a CPSII retaining a small amount of the 33 kDa protein. This residual amount of the 33 kDa protein seemed to be too small to support oxygen evolution to a level sufficient for its detection (see Table 3 ). Like in HPSII and RPSII, the 33 kDa protein alone, either from cyanobacterium, higher plant or red alga, could all bind to CPSII to a similar amount (Fig. 5, lanes 3, 5, 8 ). Cc-550 and C12 bound to CPSII effectively when reconstituted with C33 (Fig. 5, lane 4) , in consistent with the results reported previously (Shen and Inoue 1993) . H23 and H17 bound to CPSII to a very high level upon reconstitution with C33 (Fig. 5, lane  7) ; this binding level further increased upon reconstitution with H33 (Fig. 5, lane 6) . R20, Rc-550, R12 also bound to CPSII to a significant amount, but their binding levels are similar upon reconstitution with either R33 or C33 (Fig. 5, lanes 9, 10) . Table 3 shows oxygen evolution of CaCl 2 -washed CPSII upon reconstitution with various extrinsic proteins. Upon reconstitution with C33 alone, CPSII showed a slight restoration of oxygen evolution even measured in the absence of both Cl -and Ca 2+ ions. This is in contrast to HPSII and RPSII where no restoration of oxygen evolution was observed in the absence of Cl -and Ca 2+ ions after reconstitution of any of the 33 kDa proteins. The oxygen evolution measured in the presence of either Cl -or CaCl 2 was restored to a higher level upon reconstitution with C33. In contrast, reconstitution with either H33 or R33 resulted in no restoration of oxygen evolution measured in the absence of both Cl -and Ca
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2+
. Reconstitution with H33 resulted in a partial restoration of the activity measured in the presence of Cl -or CaCl 2 , but the level of restoration was lower than that achieved by reconstitution with C33. Reconstitution with R33 also partially restored the oxygen evolution, but this restoration was even lower than that achieved by reconstitution with H33.
Reconstitution of CPSII with Cc-550 and C12 in combination with C33 resulted in a further restoration of oxygen evolution, in agreement with the results reported previously (Shen and Inoue 1993) . Reconstitution of CPSII with R20, Rc-550 and R12 in combination with the C33 protein also resulted in a large restoration of the activity similar to that observed after reconstitution with Cc-550 and C12 in the presence of C33, suggesting that the red algal proteins are fully functional in the cyanobacterial PSII. Reconstitution with R20, Rc-550 and R12 in combination with the R33 protein, however, resulted in a restoration of oxygen evolution smaller than that achieved upon reconstitution of these three proteins in combination with the C33 protein. This reflects the fact that C33 is more efficient in restoring oxygen evolution of CPSII than R33 upon reconstitution. Reconstitution with H23 and H17 in combination with either C33 or H33 resulted in no restoration of oxygen evolution; this again contrasts what would be expected from the results of above binding experiments which showed that both H23 and H17 could bind to CPSII in the presence of C33 or H33.
In order to examine whether the apparent binding of H23 and H17 to CPSII is due to non-specific interactions, we performed reconstitution experiments by changing the amount of the extrinsic proteins. Both H23 and H17 bound to CPSII to a low level when reconstitution was performed at a proteins-to-PSII ratio of 1 : 1 (Fig. 4B, lane 2) . The level of binding increased significantly when the proteins-to-PSII ratio was increased to 3 : 1 (Fig. 4B, lane 3) , and this binding level increased further when the ratio was increased to 6 : 1 (Fig. 4B,  lane 4) at which, the amounts of H23 and H17 bound to CPSII were apparently larger than its original level in HPSII (see Fig.  2 ) or the level that would be expected for a specific, stoichiometric binding. Based on these features, we conclude that the binding of H23 and H17 to CPSII is due to a non-specific interaction but not specific, functional association. This explains why no restoration of oxygen evolution was observed upon binding of these two proteins to CPSII. 
Discussion
The present work revealed various exchangeabilities among extrinsic proteins from different sources in binding to PSII and supporting oxygen evolution. The overall results obtained were summarized in Table 4 . In the following, we discuss the current results with emphasis on their potential implications in the evolution of the extrinsic proteins from prokaryotic cyanobacteria to eukaryotic higher plants.
Binding and function of the 33 kDa protein
The 33 kDa protein is the only extrinsic protein commonly found in all oxygenic photosynthetic organisms. The present study showed that each of the 33 kDa proteins from cyanobacteria to higher plants can bind to PSII from any one of the three organisms. The amounts of various 33 kDa proteins bound to various PSIIs are largely comparable, provided that sufficient amount of the 33 kDa protein is supplemented for reconstitution. This indicates that the binding sites on both the 33 kDa protein and PSII sides are well conserved from cyanobacteria to higher plants. This is consistent with the previous report that the cyanobacterial and higher plant 33 kDa protein can substitute for each other in binding to PSII (Koike and Inoue 1985) , and also consistent with the fact that the amino acid sequences of both the 33 kDa protein and most of the PSII intrinsic proteins are highly conserved from cyanobacteria to higher plants.
Binding of various 33 kDa proteins to various PSIIs resulted in partial restoration of oxygen evolution. For spinach and red algal PSIIs, the 33 kDa protein of either spinach or red alga supported oxygen evolution to a similar level, whereas the 33 kDa protein of cyanobacteria supported oxygen evolution to a slightly lower level than that of the spinach and red algal 33 kDa protein. For cyanobacterial PSII, the 33 kDa protein of cyanobacteria supported oxygen evolution to a high level, but the red algal or higher plant 33 kDa protein supported oxygen evolution to a lower level. These results raise the possibilities that either interaction of 33 kDa protein with PSII or structure of the 33 kDa itself are slightly different between cyanobacteria and red algae/higher plants. In this respect, it is worth pointing out that homologies of the 33 kDa protein among cyanobacteria, red algae and higher plants are around 45% (the 33 kDa protein sequence of C. caldarium will be published elsewhere).
Binding and function of other extrinsic proteins
Unlike the 33 kDa protein, other extrinsic proteins of PSII are significantly different from cyanobacteria to higher plants, e.g. cyt c-550 and 12 kDa protein in cyanobacterial PSII, 20 kDa, cyt c-550 and 12 kDa proteins in red algal PSII, and 23 kDa, 17 kDa proteins in higher plant PSII. Nonetheless, some similarities have been found in the functions of these variously different extrinsic proteins. Thus, it is interesting to examine the possible exchangeability of these variously different extrinsic proteins in binding to and function in PSIIs from different organisms. The present study showed that the higher plant proteins H23 and H17 can bind and function effectively only in the higher plant PSII. Although they can bind to the red algal and cyanobacterial PSII remarkably, the amounts of these proteins bound amounted to a level far exceeding the level for a stoichiometric binding when excess amounts of the proteins were provided for reconstitution. Moreover, the binding of H23 and H17 to red algal and cyanobacterial PSII did not result in any activation of oxygen evolution. All these results suggest that the binding of H23 and H17 to RPSII and CPSII is due to non-specific interactions. Therefore, we conclude that the func- The cyanobacterial proteins Cc-550 and C12 can partially bind to the red algal PSII in combination with either R33 or C33, in addition to their binding and function in the cyanobacterial PSII. The binding of Cc-550 and C12, however, did not enhance oxygen evolution of the red algal PSII. This may suggest that the binding of Cc-550 and C12 to RPSII is also due to a kind of non-specific interaction. This possibility, however, was excluded based on the fact that the amounts of Cc-550 and C12 bound to RPSII are low and did not increase upon increase of their amounts provided for reconstitution. Thus, we may propose that the binding sites for Cc-550 and C12 are still conserved in the red algal PSII, which leads to the partial binding of these two components. The failure of activity restoration by this binding may in turn suggest that the functional binding sites are not fully conserved in RPSII. In contrast to RPSII, these two proteins cannot bind to higher plant PSII at all.
The lack of functional binding of H23 and H17 proteins in cyanobacterial and red algal PSII suggests that the binding sites for these two proteins are newly developed in higher plant PSII. This may be achieved by either a change in the amino acid sequences of some of the PSII intrinsic proteins and/or the 33 kDa protein, or a structural change of the PSII complex and/ or the 33 kDa protein needed for binding of the two proteins. The final answer to this question, however, cannot be obtained until the exact binding sites for these two proteins in higher plant PSII are determined. Similarly, the decreased binding affinity for Cc-550 and C12 in red algal PSII, and the total lack of binding of these two cyanobacterial proteins in higher plant PSII, indicate that the PSII and/or the 33 kDa protein has changed gradually from cyanobacteria to red algae and higher plants, leading to a loss of the ability for binding of Cc-550 and C12. This possible change of PSII and/or 33 kDa protein are significant considering the fact that the major PSII intrinsic components and the 33 kDa protein are highly conserved from cyanobacteria to higher plants. It is thus important to have the overall structure of PSIIs from both cyanobacteria and higher plants and compare them in order to reveal their structural differences.
On the other hand, the red algal proteins R20, Rc-550 and R12 can bind effectively to all the three kinds of PSII from cyanobacteria, red algae and higher plants when reconstituted in combination with the 33 kDa protein, except the R20 protein which bound to HPSII in the presence of H33 but not in the presence of R33. Moreover, the red algal proteins supported oxygen evolution of cyanobacterial PSII as effectively as the cyanobacterial proteins, and supported oxygen evolution of higher plant PSII to a lower but significant extent. These results indicate that the binding sites for most of the red algal extrinsic proteins are conserved in PSII from cyanobacteria to higher plants. This finding is significant as the higher plant PSII has lost the red algal extrinsic proteins, although the cyanobacterial PSII has the homologous cyt c-550 and 12 kDa proteins. This may imply that the red algal proteins are in an intermediate position during the evolution of the extrinsic proteins from the prokaryotic cyanobacteria to eukaryotic higher plants.
